Identification of population structure can help trace population histories and identify disease genes. Structured association (SA) is a commonly used approach for population structure identification and association mapping. A major issue with SA is that its performance greatly depends on the informativeness and the numbers of ancestral informative markers (AIMs). Present major AIM selection methods mostly require prior individual ancestry information, which is usually not available or uncertain in practice. To address this potential weakness, we herein develop a novel approach for AIM selection based on principle component analysis (PCA), which does not require prior ancestry information of study subjects. Our simulation and real genetic data analysis results suggest that, with equivalent AIMs, PCA-based selected AIMs can significantly increase the accuracy of inferred individual ancestries compared with traditionally randomly selected AIMs. Our method can easily be applied to whole genome data to select a set of highly informative AIMs in population structure, which can then be used to identify potential population structure and correct possible statistical biases caused by population stratification.
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population structure, principle component analysis, ancestral informative markers Population structure is a common feature in human populations [1, 2] . Identification of population structure can help trace population histories in population genetics [3] . Furthermore, identifying population structure is effective for correcting population stratification in association studies of human diseases [4−6] . Structured association (SA) is a commonly used approach for population structure identification and association mapping [5,7−9] . SA uses a set of genetic markers, known ancestral informative markers (AIMs), to infer individual as ancestries, which can then be used to test disease-gene association while correcting population stratification [4, 5] . A major issue with SA is that its performance greatly depends on the informativeness and the numbers of AIMs [10, 11] , which may limit its robustness and efficiency in practical applications. Due to the extensive computational demand by SA [12, 13] , it is generally difficult to improve the performance of SA by simply increasing the numbers of AIMs, especially in the large-scale studies with thousands of subjects and hundreds of thousands of genetic markers. Therefore, selecting a set of highly informative AIMs for SA is an alternative and complementary solution.
Several AIM selecting methods are currently available [1, 10] . For instance, AIMs can be selected to maximize absolute allele frequency differences among different ancestral populations, or Wright's F ST [1, 10] . How-ever, these methods require prior knowledge about individuals' membership or ancestries to known populations, which are usually not available or uncertain in practice. Therefore, it is difficult to apply these methods to structured populations without prior ancestry information of study subjects.
Principle component analysis (PCA) is a classical dimensionality reduction technique and has been used in genetic studies [6,9,12,14−16] . In this paper, we introduce a novel PCA-based approach for AIM selection, which does not require prior ancestry information of study subjects. We simulated a set of stratified populations based on real haplotype data from the HapMap ENCODE project, and evaluated the accuracy of inferred individual ancestries using PCA-based and randomly selected AIMs.
Materials and methods

PCA-based algorithm for AIM selection
Our method encompasses two steps: first, principle component analysis is applied to genotypic data to infer continuous variation axes of population structure, using individuals as variables and markers as samples [12] . Supposed genotypic data of M individuals are collected. For a given variation axis i, the ancestry of individual j (j=1, 2…M) can be denoted by the jth coordinate of the eigenvector of variation axis i [12] . Second, we construct an information measure of population structure S il , defined by
where a i. is the M×1 eigenvector of variation axis i, and g .l is a 1×M vector of genotype at SNP l. Because significant variation axes denote differentiation directions of population structure [12] , SNPs with larger S il are reasonable to be more informative about population structure than SNPs with smaller S il . For the ith variation axis, we can select n i SNPs, which attain larger S il than remaining SNPs and have not yet been selected by previous i-1 variation axes (i=2, 3…). n i is defined by
where N denotes the total number of AIMs needing to select, v i denotes the variance explained by the ith variation axis and V denotes the total variance of analyzed data in PCA. The above procedure will continue until sufficient AIMs are selected.
Simulations
A simulation study was conducted to evaluate the relative performance of PCA-based selected AIMs and traditionally randomly selected AIMs for population structure identification in structured populations without prior ancestry information of study subjects. Simulating algorithm has been detailed in our earlier study [17] .
Briefly, phased haplotype data of Caucasians with northern and western European ancestry (CEPH) and Yoruba from Ibadan (YRI) of Africa were downloaded from HapMap ENCODE website (http://www.HapMap. org/downloads/phasing/2005-03_phaseI/ENCODE).
Within each ENCODE region, we selected the set of highly informative marker loci, which were genotyped in both CEPH and YRI and were polymorphic in at least one population or monomorphic, but had different alleles in the two populations. There were 12867 highly informative marker loci selected from 10 ENCODE regions. We converted the genetic map distances reported by the HapMap ENCODE project to recombination fractions between adjacent informative marker loci using the Kosambi map function [18] . Based on the phased CEPH and YRI haplotype data and derived recombination fractions, CEPH and YRI subpopulations were first separately simulated, and then mixed together to generate a structured populations with 300 CEPH individuals and 100 YRI individuals.
To model low (Model 1), modest (Model 2) and high (Model 3) population stratification levels, 500 of 12867 markers were first selected with preset distribution of allele frequency differences between the simulated CEPH and YRI subpopulations (Table 1) . PCA-based selected and traditionally randomly selected AIMs were then selected from the 500 markers. The numbers of AIMs were varied to assess the relative performance of PCA-based selected AIMs and traditional randomly selected AIMs. STRUCTURE 2.1 was applied to infer individual ancestries using PCA-based selected AIMs and randomly selected AIMs [4, 5] . For simplicity, the presumed number of subpopulations of the simulated structured populations used by STRUCTURE 2.1 was pre-assigned 2 in all models. STRUCTURE 2.1 was running under default parameters recommended by the program developers. True individual ancestries were identified from the simulations. The true ancestral proportions of YRI individuals were assigned 1.0, and the true ancestral proportions of CEPH individuals were assigned 0.0. The true ancestral proportions were regressed on the ancestral proportions estimated by STRUCTURE 2.1 [10] . Because of the extensive computational cost required by SA [12, 13] , 200 simulations were conducted for each model. Average regression coefficients in the 200 simulations were calculated and used to evaluate the accuracy of inferred individual ancestries [10] .
Application to real genetic data
To evaluate the performance of our method, we further analyzed real genetic data, which came from USA Framingham Heart Study (http://www.framinghamheartstudy.org/gen/index.html) and our experimental data. Briefly, the genotype data for 500 unrelated USA whites at chromosome 1 were first retrieved from the Framingham Heart Study database, which was publicly available (http://www.ncbi.nlm.nih.gov/projects/gap/cgibin/study.cgi?study_id=phs000007.v4.p2). We then randomly selected 500 unrelated Han Chinese subjects from our genotype database. The information of our Han Chinese samples was detailed in our previous paper [19] . To improve the precision of our study, strict quality control for genotyping data was employed to both USA whites and Han Chinese genotype data, discarding the SNPs with minor allele frequency (MAF) <1%, and deviating from Hardy-Weinberg equilibrium (HWE) (P<0.001). 29956 SNPs at chromosome 1, which were genotyped in both USA whites and Han Chinese, were used in the following analysis. The USA whites and Han Chinese were mixed together to generate a structured population with 1000 unrelated individuals. The similar to the above simulation study, PCA-based algorithm for AIMs selection was applied to the real structured population, and compared with traditionally randomly selected AIMs under various numbers of AIMs.
Results
Simulation results are summarized in Figure 1 . As expected, the accuracy of inferred individual ancestries increased with increasing numbers of AIMs. PCA-based selected AIMs generally performed better than traditionally randomly selected AIMs under various scenarios (Figure 1 ). Under the low population stratification level (Model 1), with equivalent AIMs, the PCA-based selected AIMs performed significantly better than the randomly selected AIMs. Under Models 2 and 3 with modest and high population stratification levels, the performance of the randomly selected AIMs became close to that of the PCA-based selected AIMs, only when 100 AIMs were used. Figure 2 presents the analysis results of real genetic data. In the real structured population, PCA-based selected AIMs showed higher accuracy of inferred individual ancestries compared with traditionally randomly selected AIMs under various numbers of AIMs, which is consistent with our simulation results.
Figure 2
Regression analysis results of the ancestral proportions in real structured population using PCA-based selected AIMs and randomly selected AIMs.
Discussion
It has been demonstrated that AIM selection can significantly affect the performance of SA [10, 11] . Because the ancestry information of study subjects is usually not available or uncertain in practice, it is difficult to select AIMs based on prior individual ancestry information. To address this issue, we developed a novel PCA-based AIMs selecting approach, which does not require prior individual ancestry information. Our simulation suggests that PCA-based selected AIMs can increase the accuracy of inferred individual ancestries compared with traditional randomly selected AIMs, especially under subtle population stratification that is common in human populations [20] . Additional real genetic data analysis results support the improved performance of our novel method in individual ancestry inference. The increased accuracy of inferred individual ancestries can further improve the performance of SA correcting population stratification in association studies of human diseases [4, 5] . Currently, with the rapid development of highthroughput genotyping technologies, large-scale association studies are popular in gene mapping of human diseases, such as osteoporosis, heart diseases and diabetes [21−24] . Nonetheless, an outstanding issue complicating PBAS is population structure, which can cause spurious association results and limit the robustness and efficiencies of PBAS. Our method can be easily applied to whole genome data to select a set of highly informative AIMs in population structure, which can then be used to identify potential population structure and correct possible statistical biases caused by population stratification.
Four aspects from our study may be noted. First, we used STRUCTURE to evaluate the performance of our novel method for population structure identification. Our method can also be directly applied to other population structure identification and association mapping approaches, for example admixture mapping [25−28] . Second, the real CEPH and YRI haplotype data from the HapMap ENCODE project were used to simulate genotype data for each subject. The simulated data sets are hence close to the realistic scenario, which ensures the robustness of our simulation results. Third, we used the variance proportions explained by each population structure variation axis in PCA to determine the numbers of AIMs selected for each variation axis. This approach tends to select more AIMs for more significant variation axes of population structure, which may increase the accuracy of inferred individual ancestries. Fourth, to ensure the effectiveness and robustness of our simulation approach for population structure, we selected 12867 marker loci from the 10 ENCODE regions to conduct simulation. The 12867 marker loci are highly informative about population structure, which may compromise the performance improvement of PCA-based selected AIMs compared with traditional randomly selected AIMs.
We introduce a novel algorithm for AIMs selection based on principle component analysis (PCA), which does not require prior ancestry information of study subjects. Our methods can be easily applied to whole genome data to identify potential population structure and correct for possible statistical bias caused by population structure.
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